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PERSPECTIVE
RNase P branches out from RNP
to protein: organelle-triggered
diversification?
Katherine C. Goldfarb, Sumit Borah, and Thomas R. Cech1
Howard Hughes Medical Institute, University of Colorado Biofrontiers Institute, Boulder Colorado 80309, USA
RNase P is the enzyme that removes 59 leader sequences
from precursor tRNAs. Remarkably, in most organisms,
RNase P is a ribonucleoprotein particle where the RNA
component is responsible for catalysis. In this issue
of Genes & Development, Gutmann and colleagues
(pp. 1022–1027) report the first organism, Arabidopsis
thaliana, to employ protein-only RNase P in both its
nucleus and organelles. An intriguing possibility is that
replacement of RNase P ribonucleoprotein particles
(RNPs) by proteins may have been triggered by the ac-
quisition of organelles.
The endoribonuclease RNase P functions to remove
59 leader sequences from tRNA precursors (pre-tRNAs)
post-transcriptionally. Biochemically speaking, this endo-
ribonucleolytic cleavage event can easily be performed
by enzymes with a variety of macromolecular composi-
tions. Specifically, ribozymes, ribonucleoprotein particles
(RNPs), and protein-only enzymes are all well-suited for
site-specific RNA cleavage. Nevertheless, in representa-
tive species from all three domains of life—bacteria,
archaea, and eukarya (Fig. 1, bottom left)—RNase P
contains both RNA and protein components. While the
ratio of RNA to protein components in these RNPs varies
from organism to organism, it is the overwhelming
presence of the ribozyme component within these RNPs
that has distinguished this enzyme from the plethora of
protein-centric enzymes in the modern cell.
RNase P as a ribonucleoprotein
The best-studied RNase Ps are those found in bacteria, in
which the enzyme consists of a single RNA of ;140 kDa
and a small protein subunit of ;14 kDa. In buffer con-
ditions of high ionic strength, the RNA alone is capable of
catalyzing the cleavage of pre-tRNA 59 leader sequences
in vitro (Guerrier-Takada et al. 1983). However, in vivo
and at physiological salt concentrations in vitro, the
protein cofactor is essential for catalysis. The RNase P
protein is thought to function in neutralizing electro-
static repulsion between RNase P RNA and pre-tRNA,
increasing the affinity of the RNA subunit for pre-tRNA
substrates ;104-fold (Crary et al. 1998; Kurz et al. 1998);
enhancing release of the processed tRNA product and
thus increasing the turnover rate of the enzyme (Reich
et al. 1988; Kurz et al. 1998); expanding the repertoire of
substrates recognized by RNase P to include other RNAs,
such as 4.5S rRNA and 10Sa rRNA (Peck-Miller and
Altman 1991; Liu and Altman 1994); and mediating di-
merization of the RNase P holoenzyme (Fang et al. 2001).
In archaea, a structurally conserved RNase P RNA as-
sociates with not one but four or five different protein
cofactors (Tsai et al. 2006). However, the RNA is still
sufficient for catalysis at elevated salt concentrations in
vitro (Pannucci et al. 1999), while none of the protein
subunits has observable catalytic activity. Interestingly,
the only documented organism that completely lacks an
RNase P enzyme is the archaeon Nanoarchaeum equi-
tans, an obligate symbiont of another archaeon, Ignicoc-
cus. N. equitans harbors both the second smallest non-
viral genome sequenced, ;491 kb, and also one of the
densest in terms of coding capacity, where only ;5% of
the genome is not transcribed into a functional RNA
(Waters et al. 2003; Randau et al. 2008). Following the
compactness of its genome, the tRNAs ofN. equitans are
transcribed without 59 leader sequences, which has alle-
viated evolutionary pressure to retain RNase P.
Continuing this trend, nuclear transcribed eukaryotic
RNase P RNA has acquired even more protein cofactors
than archaea, up to 10 in yeast and humans. Still, the
RNA molecule from both of these organisms has been
shown to be responsible for catalysis (Kikovska et al.
2007). At least four of the archaeal RNase P proteins have
homologs in the representative eukaryotic nuclear RNPs
(Hall and Brown 2002), although none of the archaeal or
eukaryotic proteins bears homology with the lone bacte-
rial protein. In contrast, there is clear structural similar-
ity among the RNA subunits from bacteria, archaea, and
eukaryotes (Sun and Caetano-Anolles 2010).
[Keywords: RNase P; tRNA maturation; RNA processing; pentatricopep-
tide repeat; plant]
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Ribozyme roots
Despite a suggestive tendency for RNase P to accumulate
more and more proteins around the RNA core of the
enzyme, the fact that it is a ribozyme in representative
organisms from all branches of life is noteworthy. This
broad distribution supports the RNA world hypothesis,
which proposes that early life was dominated by RNA
molecules owing to the capability of RNA to carry ge-
netic information as well as perform catalysis. Accord-
ingly, the RNase P RNP has provided a glimpse into the
ancient beginnings of biology, and the persistence of its
catalytic RNA moiety across phylogeny has served as
a molecular reminder that each organism is carrying its
history. The other remnant from such a primordial world
is the ribosome, a ribozyme already so well developed in
the common ancestor of bacteria, archaea, and eukarya
that it is accordingly easily recognizable across all con-
temporary forms of life.
RNase Ps without RNA
Unlike the ribosome, however, mounting evidence in-
dicates that RNase P enzymes do not always contain an
essential, catalytically active RNA component. Specifi-
cally, although all bacterial and archaeal RNase Ps appear
to function as ribozymes within RNPs, some eukaryotic
RNase Ps lack an RNA component entirely. For example,
Wang et al. (1988) observed that the RNase P activity in
spinach chloroplasts was quite different from that of
conventional bacterial RNase P. First, it had a buoyant
density in a cesium chloride gradient similar to that of
protein, whereas RNase P activity in bacterial lysate
had a buoyant density more similar to RNA. Further-
more, spinach chloroplast RNase P was shown to be
resistant to pretreatment with micrococcal nuclease,
whereas bacterial RNase P was completely inactivated
by such treatment. Additional studies later revealed that
spinach chloroplast RNase P is a fundamentally different
catalyst than bacterial RNase P.When the phosphodiester
backbone of a precursor tRNA was substituted at the
cleavage site by a phosphorothioate moiety, cleavage by
bacterial RNase P RNA was inhibited 1000-fold, while
spinach chloroplast RNase P was unaffected, suggesting
that the two enzymes employ different catalytic mecha-
nisms (Thomas et al. 2000). Other studies had implicated
an ;70-kD protein as the RNase P enzyme in spinach
chloroplasts (Thomas et al. 1995).
More recently, RNase P from another organelle, the
human mitochondrion, was demonstrated to be com-
prised of three proteins (MRPP1, MRPP2, and MRPP3)
and to completely lack an RNA component (Holzmann
et al. 2008). Although all three proteins are required for
activity, the MRPP3 subunit contains a putative metal-
lonuclease domain and is thought to provide the active
site for catalysis. All MRPP proteins are encoded in the
nuclear genome of the human cell and post-translationally
imported into the mitochondria. There appears to be no
homology between the MRPP proteins and the protein
components of the nuclear human RNase P RNP, which
consists of a single RNA and 10 protein cofactors. This
indicates that the mitochondrial, protein-only RNase P
evolved independently from the nuclear enzyme. Interest-
ingly, it appears that despite the presence of a protein-only
RNase P within themitochondria, the RNA subunit of the
nuclear enzyme is still imported into the mitochondrial
matrix (Wang et al. 2010; Mercer et al. 2011). Whether this
RNA component is enzymatically active inside of the
mitochondria is not yet known.
The identification of protein components of the mito-
chondrial RNase P in humans prompted Giege´ and
colleagues (Gobert et al. 2010) to characterize an MRPP3
homolog in the mitochondria and chloroplasts of Arabi-
dopsis thaliana. This protein, called PRORP1 (proteina-
ceous RNase P 1), also serves as an RNA-free RNase P
enzyme in these organelles. Remarkably, the A. thaliana
PRORP1 protein was shown to rescue viability of Escher-
ichia coli harboring a lethal mutation in the RNA subunit
of RNase P, demonstrating complementation of an
ancient ribozyme by its modern protein-only counter-
part. Building on these findings, Giege´ and colleagues
(Gutmann et al. 2012) report in this issue of Genes &
Development that two other PRORP proteins (PRORP2
and PRORP3) also function as RNase Ps in A. thaliana.
Figure 1. Evolution and diversification of RNase P. RNA (red) and
protein (blue) compositions of RNase P across phylogeny are
depicted with parsimonious evolutionary progression (orange ar-
rows). Systems exemplifying organelle-triggered diversification are
boxed at the right. RNase P RNA is shown as the minimal uni-
versal core secondary structure (Evans et al. 2006), and protein
shapes are iconic throughout the figure for simplicity. The RNA:
protein ratio for each RNase P is indicated. The universal tree
(Pace 2009) at the bottom left indicates the three domains of
life; note that the examples shown here reside at a remote
extremity of the phylogenetic diversity currently identified.
Goldfarb et al.
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This finding has elevated impact because PRORP2/3 are
shown to function in the A. thaliana nucleus, and ac-
cordingly, this report is the first of an entire organism that
employs protein-only RNase P activity for all of its tRNA-
utilizing compartments. Knockdown of organellar PRORP1
is demonstrated to result in defects in chloroplast and
mitochondrial pre-tRNA maturation, changes in organ-
ellar structure, and yellowing of leaves, whereas deple-
tion of nuclear PRORP2/3 results in defects in nuclear
pre-tRNA maturation and leaf senescence. Interestingly,
although PRORP proteins have been documented in
many different eukaryotes, they are not found in bacteria
or archaea (Gobert et al. 2010).
Why did RNase P lose its RNA in some eukaryotes?
An organelle-triggered hypothesis
The comparatively simple progression from the ancestral
‘‘RNA-only’’ RNase P to the bacterial and archaeal RNase
P RNPs (Fig. 1, left) is strikingly juxtaposed with the
variety of RNase P compositions observed in eukaryotic
systems (Fig. 1, boxed at right). Can we glean any insight
from the coincidence of eukaryotic emergence and the
explosion of RNase P diversity? The following points
highlight a hypothesis whereby the introduction of en-
dosymbiotic organelles triggered the diversification of
eukaryotic RNase P enzymes.
(1) Acquisition of membrane-bound compartments ne-
cessitates novel functionality. The division of eukarya
is marked foremost by the compartmentalization
of the intracellular milieu, most notably the separa-
tion of genetic material by a nuclear membrane.
This revolutionary physical demarcation within the
primitive eukaryotic cell was temporally coupled
with the endosymbiosis of a-proteobacteria-like
ancestors to form mitochondria and ancient cyano-
bacteria to form chloroplasts (Timmis et al. 2004; van
der Giezen 2011). Thus, along with unprecedented
requirements for trafficking between nuclear, cyto-
plasmic, and organellar compartments, the early
eukaryotic cell was charged with the coevolution
of multiple autonomously replicating genomes
within its plasma membrane. Furthermore, since
nuclear and organellar genomes all encoded their
own pre-tRNAs, each compartment would require
RNase P activity. This could be fulfilled either by
expressing RNase P components from the genome
within that compartment or via import of these
components from another compartment. Accord-
ingly, and perhaps not by chance, the novel functional
demand of compartmentalization coincided with a
handy boost in genetic capacity from the additional
genomes.
(2) Endosymbiotic redundancy mimics gene duplication.
The situation of two or more autonomously replicat-
ing genomes within a single eukaryotic cell is poten-
tially analogous to a gene duplication event whereby
a host gene could temporarily cover functionality of
a particular organellar gene product. For example, the
nuclear-encoded RNase P RNP could be imported into
the organelle, relieving selective pressure to retain
organelle-encoded RNase P components. This would
provide an opportunity for the organellar components
to be lost, and the simultaneous variation of an in-
dependent gene product with similar properties (e.g.,
a proteinaceous ribonuclease-like PRORP) could com-
plement this lost functionality.
(3) Organellar genome compaction could enable molec-
ular diversification. Since a general evolutionary pen-
chant is efficiency, there would be no selective pressure
to maintain the intergenome redundancy following
endosymbiosis. Consequently, upon deletion of the
temporary duplicate (e.g., inefficient import of a key
component of the nuclear RNase P RNP), any new
functionality (e.g., PRORP) obtained during this se-
lective reprieve might be immediately required by the
cell, evolutionarily speaking. At this point, selective
pressure would be high to optimize the innovatively
used gene product, thus resulting in a dispersion of
functionality prompted by endosymbiosis (Fig. 1,
boxed at right).
The following inspection of those select few eukaryotic
systems that have been functionally characterized to date
provides support for such an ‘‘organelle-triggered molec-
ular diversification’’ hypothesis. (While multiple in silico
studies have identified RNase P RNAs in the nucleus
[Marquez et al. 2005] or organelles [Seif 2003; Seif et al.
2005] in a broad range of eukaryotes, experiments dem-
onstrating that these components are actually functional
have not been performed, and thus these studies are not
discussed here.)
Saccharomyces cerevisiae and Homo sapiens:
ancient nuclear systems, mitochondria
as suggestive intermediates
The nuclear components of human and S. cerevisiae
RNase P were the first to be well characterized and,
concurrently, the most easily traceable to the ancient
RNP progression. Each of these systems includes a single
RNA component that is structurally conserved with the
bacterial RNA and up to 10 protein subunits, four of
which are clearly homologous to four archaeal protein
subunits.
The complexity and shear bulk of these nuclear RNPs
could present a challenge for their complete import into
mitochondria whose genomes no longer encode RNase P
components. In S. cerevisiae, the RNA component of the
mitochondrial enzyme is encoded by the mitochondrial
genome (Hollingsworth and Martin 1986), while its sole
protein component (RMP2) is nucleus-encoded and of
a lineage independent from that of the protein subunits
found in the nuclear enzyme (Fig. 1, right; Morales et al.
1992). It is therefore plausible that when the gene for this
yeast’s mitochondrial RNase P protein migrated to the
nucleus, the temporary duplication and subsequent de-
letion of the mitochondrial gene resulted in supplementa-
tion by RMP2. In contrast, human mitochondria have lost
the locus for RNase P RNA in their genomes and instead
Evolution of RNase P
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appear to import a patchwork proteinaceous enzyme
comprised of MRPP1, MRPP2, and MRPP3 (Fig. 1, top
right). This still-evolving (see below) three-protein system
may have been selected to combat the costly import of
the entire nuclear RNP when both RNA and protein
components were lost from the mitochondrial genome.
Indeed, the fact that human nuclear RNase P RNA is still
efficiently imported into mitochondria, despite strong
evidence that it does not currently participate in mito-
chondrial tRNA maturation (Wang et al. 2010; Mercer
et al. 2011), supports this intermediate phase.
A. thaliana: a complete transition to protein,
remnant duplication
The latest work by Giege´ and colleagues (Gutmann et al.
2012) demonstrates protein-only RNase P activity in the
nuclei, mitochondria, and chloroplasts of the represen-
tative land plant A. thaliana (Fig. 1, bottom right). Here,
we have a novel example where the ancient RNP com-
ponents have vanished from the modern organism, and
the functional RNase P is none other than a homolog of
the putative catalytic subunit of the human mitochon-
drial proteinaceous enzyme. Thus, RNase P in A. thali-
ana is a clear example of an efficient protein that has
usurped RNA-based or RNP-based function. Further-
more, PRORP evolution is still progressing, as evidenced
by the apparent functional redundancy of PRORP2/
PRORP3 in the nucleus.
Why did the PRORPs evolve to replace RNPs in plants?
Whereas animal cells harbor only mitochondria, plant
cells contain both mitochondria and chloroplasts. It is
tempting to credit the existence of multiple membrane-
bound, genome-containing organelles (Bhattacharya et al.
2004) in the plant lineage as the reason why the plant
PRORP proteins evolved to functionally replace the
RNase P RNP. Nominally, acquisition of each organelle
(mitochondrial, chloroplast, secondary chloroplast, etc.)
could provide an additional opportunity for rapid di-
versification. A clue that PRORP’s RNase P functional-
ity may have evolved due to organelle-triggered expan-
sion lies with the primitive alga Ostreococcus tauri,
where functional PRORP and bacteria-like RNase P
proteins are present in the nucleus, with an apparently
nonfunctional RNase P RNA encoded in each organelle
(Fig. 1, middle right; Lai et al. 2011). The brief co-
existence of host and endosymbiont RNase P RNPs
could have enabled the PRORP protein to partially take
over RNase P function in both compartments of this
primitive plant species. The homology between the
PRORPs and MRPP3 may provide further evidence that
the human mitochondrial enzyme represents an inter-
mediate stage where MRPP3 has not yet evolved to func-
tion autonomously. Alternatively, MRPP3 could have
acquired its patchwork partners for additional specificity.
Either way, the exclusive presence of PRORP homologs in
organelle-containing eukaryotes, coupled with their sug-
gestive coexistence alongside various permutations of
RNase P RNPs, supports PRORP evolution by organelle-
triggered molecular diversification.
Concluding remarks
Many previous reviews (Evans et al. 2006; Lai et al. 2010)
have concluded with the question of why the RNA nature
of RNase P has persevered so remarkably in the protein-
dominatedmodern world. What is so special about RNase
P that present day biology is so densely sprinkled with
vestiges of its ancient self? Why is a remnant of that
original RNase P RNA one of the final genes (Burger et al.
2012) that an autonomously replicating organelle can
bear to relinquish? Why are land plants the only group
to date that has completely escaped this inexplicably
ubiquitous RNA-based mechanism?
While satisfying resolutions to these probing questions
remain nominally elusive, strong data, such as that of
Giege´ and colleagues (Gobert et al. 2010; Gutmann et al.
2012), have invigorated their pursuit. Is it possible that
yet uncharacterized RNase Ps are no longer RNPs in
other eukaryotes? Certainly, the current sample size is
small;manymore and broader investigations of eukaryotic
systems are needed to substantiate the trends depicted in
Figure 1. Future work in more dispersed lineages will
inform the flow of evolution through this spectrum.
More generally, might the finding that some eukary-
otes have replaced RNase P ribozymes with protein
enzymes mean that RNA-based enzymes in general are
on their way out? Certainly not. Although some eukary-
otes have lost the RNA component of RNase P, all
eukaryotes have gained other, even more complex RNP
enzymes—the spliceosome and telomerase (Cech 2009).
This suggests that RNP enzymes are still evolving new
functionality and will continue to be vibrant contributors
to biological catalysis.
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